An experimental study has been made of the circulation of the superQuid component of liquid helium II around a fine wire. The method used was that of Vinen, in which the circulation is measured by means of the inhuence it has on the transverse vibrations of the wire. The present work extends Vinen's original work in several ways. Measurements were made over a range of temperatures from 1.2 to 1. 9'K and a range of wire diameters from 25 to 100 p, . In addition, measurements of the direction of the apparent circulation were made as well as of the magnitude. The experiments have two principal results. The erst is that motion of the superQuid around the wire could persist for many hours after any motion of the containing vessel had stopped. However, this motion was not steady; smooth changes in apparent circulation could take place throughout an experimental run, changes which could include reversals in direction. The second principal result is that the apparent circulation tended to show markedly greater stability at the anticipated quantum levels than at other values. Long periods of stability were observed at the levels of 0, 1, 2, and 3 quantum units. An additional significant result is that as the wire diameter was increased the maximum value of metastable circulation observed also increased.
Onsager and Feynman suggested also that quantum vortices can exist in the superQuid component. They proposed that in general the circulation~around such a vortex satisfies Eq. (2), although it seems likely that only vortices with n = +1 will ordinarily be found. The cores of these vortices represent filaments running through the liquid along which curl v, is singular, and the existence of such vortices requires some modi6cation of Landau's original equations.
More recently it has been proposed4 that quantization %(r,t). The superfiuid velocity is given in terms of the phase 0 of this order parameter by the relation v, = (ft/m) grad 0, from which both Eqs. (1) and (2) In the present experiment, as in Vinen's, a study was made of the motion of the superQuid in a slender cylindrical vessel along whose axis was stretched a fine wire. The circulation of the superQuid around the wire was measured by means of the inQuence the circulating Quid has on transverse vibrations of the wire. This type of experiment has the virtue of concerning itself directly with circulation around a solid obstacle, unlike the other experiments bearing on quantization of circulation, which have been concerned with the existence of quantum vortices. However, as will be seen, quantum vor- Fiz. 34, 1240 Fiz. 34, (1958 [English (1967) .
A preliminary account of the present work was given by S. C.
Whitmore and W. Zimmermann, Jr., Phys. Rev. Letters 15, 389 (1965) . A detailed account of the work has been given by S. C. Whitmore, Ph. D. thesis, University of Minnesota, 1966 (unpublished) .
isi tices probably played an essential role in determining our results.
H. MOTION OF THE FLUID IN THE ABSENCE OF WIRE VIBRATION
We begin by considering a simple model for the motion of the helium in the cylinder surrounding the wire in the absence of wire vibration. Although this model will prove to be too simple for an understanding of our results, it provides a helpful starting point. Consider the cylinder and wire to be in rotation at an angular velocity 0 about their axis of cylindrical symmetry at some temperature below the X temperature Tq.
The equilibrium motion of the normal Quid will be solid-body rotation at the angular velocity of the cylinder and wire. The motion of the superQuid will be characterized by some circulation a around the wire together with some distribution of quantum vortices in the liquid.
The equilibrium motion of the superQuid in a rotating annulus has been considered by Vinen' and by Fetter. '
As the angular velocity is increased from zero the circulation~increases in a series of equal quantum steps, 0, h/m, 2h/m, . , with no vortices present in the liquid until a certain critical value of 0 is achieved. At this critical angular velocity vortices aligned parallel to the wire begin to appear in the liquid, and for further increases in 0, increases in both rc and the number of vortices occur. Eventually, for large enough values of 0, the vortex density per unit area becomes uniform and equal to 20 m/h, and~becomes equal to 20m. rP, where r& is the radius of the wire. For any given 0, the equilibrium array of vortices must just rotate in solid-body fashion at the angular velocity of the cylinder and wire, since any motion of the vortices relative to the normal Quid tends to be dissipated. Now suppose that the cylinder and wire are brought to rest. The normal Quid will tend to coast to a stop because of its viscosity. The vortex array, supposing that the ends of the vortices are not pinned to the walls, will tend to continue rotating. However, the drift of vortices relative to the normal Quid will result in the dissipation of both the energy and angular momentum of the superQuid. As a consequence it is plausible that the vortices will tend to spiral outward toward the cylinder wall where they will tend to disappear.
If 0 is large enough initially, the Qow of the superQuid may be fast enough just after the cylinder and wire are stopped for new vortices to be created in the superQuid at the wire and the walls of the cylinder. It seems likely that such new vortices would also contribute to the dissipation of the superQuid Qow. One possibility would be for vortices of the same sign of circulation as a to form at the wire, move outward through the Quid, and disappear at the wall of the cylinder, thus lowering a.
Another possibility would be for vortices of opposite ' A. L. Fetter, Phys. Rev. 152, 183 (1966); 153, 285 (1967). circulation to form at the cylinder wall and to move inward through the Quid. In so doing they might annihilate with other vortices having the same sign of circulation as a, or they might eventually reach the wire and disappear, also lowering~. surrounding the wire has on the transverse vibrations of the wire, the inQuence which enables the superQuid circulation~to be detected and measured. We assume for sufficiently small amplitudes of wire displacement and velocity that~remains constant and that v, remains curl-free. In this sense~is assumed to be an adiabatic invariant during the wire motion. In terms of the model discussed in Sec. II these assumptions are equivalent to the assumption that small enough wire motions are insufficient to create vortices in the superQuid.
The forces exerted by the liquid on the vibrating wire may be analyzed in terms of the two-Quid model. We begin by assuming that the motions of the two components occur with constant total density p and constant entropy density ps, where s is the entropy per unit mass. The basis of this assumption is that the velocities of both Quid components in this experiment remained much less than the speeds of first and second sound and that the times required for first and second sound to traverse the cylinder were short compared to the periods of vibration. Under 
We shall assume for the present that p., p", T, S, S", "~", and g are all uniform along the length of the wire.
First, consider the case in which the stiffness of the wire is negligible. In the absence of circulation, the equations of motion are uncoupled and have independent plane-polarized normal-mode solutions of the form
The boundary conditions on the wire are that the displacement of the wire must be zero at the ends, which 
Here, A and 8 are independent arbitrary constants.
For the motion in the x,s plane g, for normal mode has the form P " As a result, the splitting A~between the angular frequencies ot the +1 and -1 modes is given by the important expression gem em+&~em ) The approximation involves the loss of terms of the order of 1 part in 10' and results in negligible error for our purposes. If P &A, ", the damping coe%cients A. + differ somewhat from each other, and correction terms of the order of P, -X")'/(»q)' appear in Eq. (26). However, it is believed that in our experiment these terms were small enough to neglect. Thus, where in the absence of circulation we had for m= 1 an x and a y mode we now have a + and a -mode with a separation in angular frequency which increases with a.
The relation between the amplitude coefficients for the m= 1 modes is given by the approximate expression
Thus, in these modes each point on the wire moves in an ellipse for which R is the ratio of the length of one principal axis to that of the other. In the limit of a cylindrically symmetric wire or, more generally, in the limit dao"&M,aof), the modes become circularly polarized. When the stiGness of the wire is not negligible, the situation is somewhat more complicated. The boundary conditions are that both the displacement and the s derivative of the displacement vanish at the ends of the wire. In the absence of circulation one again gets independent, plane-polarized modes of the form given by Eqs. (12), (13), (14) It is conceivable that some asymmetry in the mounting of the ends of the wire also contributed to the zerocirculation splitting, due eGectively to diGerent boundary conditions for the x and y directions. However, we assume that such eGects are negligible in regard to determining K from the frequency splitting.
In practice it proved to be possible and useful to alter 6«by twisting one end of the wire relative to the other. For a wire of elliptical cross-section such twisting leads to a violation of the assumption that p, " p» 5, 5» X"and X"are uniform along the length of the wire and complicates the wire motion. It was assumed, however, that Eqs. (21), (22), and (26) which were used to determine K from leo continue to be a good approximation.
C. Principles of the Measurement Technique
The wire is put into vibra, tion by sending a, current pulse through it in the presence of a transverse magnetic Geld. Assume that the Geld is oriented at~~x rad to the x and y axes in the x, y plane. Then, neglecting small eGects due to stiGness, the two approxima, tely elliptical modes with m=1 will be excited equally. The ensuing vibrations are then observed by observing the emf induced in the wire as it moves in the magnetic Geld. For these two lowest modes the resulting signal is the superposition of two damped oscillations of equal amplitude but of slightly diGerent angular frequency. Hence, for these modes there results a beat-pattern emf of the form 8(/) = 8(0)e "' sin(&oat) cos(s'ha)t), (30) and the measurement of the beat rate gives the desired frequency splitting. Here we have neglected any diGerence between ), and X,.
For a uniform magnetic Geld the displacernent amplitude with which the mth pair of modes is excited is approximately proportional to 1/m' for odd es. The modes of even m are not excited. As a consequence the emf resulting from the mth modes is also approximately proportional 'to 1/ts for odd st) so that the signal from every mode having m& 1 is reduced by at least a factor of 27 compared to the signal from the m=1 modes.
Because of this ratio and also because of the increase of damping with ao, the eGects of modes with m&1. should be small. Despite the nonuniformity of the magnetic Geld actually used in this experiment, the eGects of these modes were never seen, and thus these modes have been neglected.
It proved convenient to measure the beat rate by measuring the time interval r which elapsed between the pulsing of the wire and the occurrence of the erst beat. minimum. Then Aced was obtained from the expres81on hau= s/r. (31) The procedure above makes use of a Geld which is constant in direction throughout the measurement, and yields a measurement only of the magnitude of the circulation, not its direction. However, by pulsing the wire in a Geld pointing in a direction somewhat different from that in which the emf is observed, a measurement of the direction of circulation can be made.
In order to understand the principle of this measurement, it is helpful to consider the simple situation in which hor~= 0 and the modes with circulation are circularly polarized. Then the motion following the initial pulse can be thought of as plane-polarized in a plane which is precessing at the angular rate~her, in the direction of the circulation of the Quid. The occurrence of the Grst beat minimum corresponds to precession through -', + rad, If now the Geld direction in which the wire is pulsed differs from that in which the beat minimum is observed, then the plane of vibration must precess through an angle different from~x , and the resulting alteration in the time interval between the pulse and the first beat minimum can be used to infer the direction of circulation. In the case of elliptical normal modes the situation is more complicated but qualitatively similar. Although both platinum and tungsten wires were tried early in the experiment, the "wires" which proved easiest to handle and which gave the cleanest vibrational behavior were quartz fibers with a conducting coating of evaporated gold of the order of 1000 A in thickness. Vinen found it to be a general rule in his experiment that the observed total angular frequency splitting hu always decreased to a well-de6ned minimum value "just before the helium drains out of the space surrounding the wire. "' He took this value of hco to be equal to AMp. In the present experiment~or was observed to take on an unusually steady value during almost every run when the surface of the helium bath had fallen to a level about one centimeter above the top of the wire. However, except in a few cases this steady value was not the minimum value for that run. These unusual levels were regarded as spurious effects of some kind. It wa, s impossible to regard them as defining deep.
Our principal method of determining the angular frequency splitting with zero circulation was just to excite the wire repeatedly and observe d~over a period of time. It was found that near the beginning of a run, during the first few hours after the liquid-helium transfer, her would decrease to a well-defined minimum value several times an hour. It was sometimes possible to drive h~to a minimum by heating the wire brieQy with a direct current. This value of~co was taken, provisionally, to be equal to Acop. If later in the run Aw fell to a lower minimum, then A~p had to be revised to be equal to this new value. In practice such revisions as had to be made were very minor, amounting at most to 2% of the assumed value. What was striking was the reliability with which the assumed minimum would reappear throughout a run lasting as long as 22 h. The small changes that did occur were usually brought on by warming and cooling the apparatus or by a fast rotation.
Early in the experiment, as a means of determining that the behavior of the wire had not changed during a run, and by inference that Acop had remained stable, it was customary to transfer liquid helium twice during a run and each time let the liquid drain completely away from the wire. Measurements of the frequency splitting in helium vapor were made each time, and compared.
The measurements usually agreed to within 2%. After several runs of this kind the apparatus was felt to be reliable enough that this practice could be abandoned.
In preparation for the. measurements of circulation the width of the current pulse was set to one-half the period of the wire, and the amplitude of the pulse was chosen to be as small as possible and yet yield a signal from the wire which was suSciently large compared to noise so that the position of the first beat minimum could accurately be determined. There were several reasons why it was thought desirable to keep the wire vibration amplitude as small as possible. The principal reason was to ensure that the wire vibration should not disturb the circulation around the wire. We have no clear idea of what conditions this criterion imposes. Conditions which might conceivably be relevant are that the wire displacement amplitude should be small compared to the wire radius and that the wire velocity amplitude should be small compared to the superQuid velocity at the surface of the wire due to circulation. In practice, the first condition was well satisfied while the second was not. The displacement amplitude of the wire usually lay between 2 and 8 p. However, the smallest current pulse that couM be used with fiber D, for example, resulted in a velocity amplitude at 500 Hz of about 0.16 cm sec ', twice the Quid velocity at the surface of the wire for one quantum of circulation.
However, an observation was made which tends to cast doubt on the importance of this velocity criterion.
It was found that even if the current pulse was increased ten times from its lowest practical value, the behavior of the apparent circulation did not change. That is, stabilities occurred at the same quantum levels as before and, qualitatively, circulation changed with time in the same way. With this observation in mind it was customary to use a fairly large current pulse, such that the maximum wire velocity was about twenty times the Quid velocity at the wire with one quantum of circulation.
Another reason for keeping the amplitude of the pulse small was that the power dissipated in the wire due to Joule heating should be small enough not to disturb the circulation. It is not known a priori what a suitable power limit might be. In most cases the power was of the order of 10 or 100 pW. However, power dissipated in runs with wire G was of the order of 1000 pW, and the circulation observed with wire G was much less stable than with other wires of about the same diameter. Of course, it wouM have been possible to reduce the power dissipation by evaporating a thicker layer of gold onto the fiber, reducing its electrical resistance, or by using a superconducting coating.
Finally, it was considered desirable to satisfy the small-amplitude condition under which Eq. (5) was derived, although a mild violation would probably not have had a signi6cant effect on our results. The violation of this condition would presumably lead to an alteration of the parameters k and k', but Ace, for a given~depends only weakly on k and is quite insensitive to O'. Segel indicates that in order to satisfy this condition it is su%cient for the displacement amplitude of the wire to be small compared to r~. '5 For the runs with wires E and H the ratio of the displacement amplitude to ri was never greater than 0.1, so for these runs this condition was very well satis6ed.
During the circulation measurements themselves the wire was pulsed typically every 5 sec, and the position of the first beat minimum was read by eye and recorded by hand as a point on a roll of chart paper. When desired the direction of the circulation was measured by pulsing the wire several times with the electromagnet alternately on and o6. Then the polarity of the magnet was reversed and the same procedure repeated. Measurements could be continued essentially without interruption for as long as the observer's stamina would permit or until the helium bath level fell to the top of the wire.
The time base provided. by the oscilloscope was measured before and after the run. In order to determine the time delay 67 introduced by the ampli6er, it was necessary to measure X and y. The damping constant X of the wire had to be measured only once for a given coo and temperature. However, the damping constant y of the ampli6er was checked from time to time during the run because it could. drift by as much as 10'Po.
Making use of 67. , Ace was computed from the time of occurrence of the 6rst beat minimum. Once 6~0 was known, A&a"was determined from Aa& using Eq. (26) .
Finally, what we shall call the apparent circulation Fc was determined from Ace"using Eq. (22) Although most measurements were made at 1.2'K, some measurements were made at higher temperatures up to 1.9'K. The measurements at higher temperatures were less accurate because as the temperature increases~" decreases in proportion to p, for a given~, the damping of the wire gets larger, and as the damping increases Av increases.
VI. RESULTS
The apparent circulation in units of h/m as a function of time for three of the most interesting runs, E-6, E-7, and H-2, is shown in Figs. 3, 4 , and S. The letter in the designation of the run indicates the particular wire being used, as identi6ed in Table I . It is evident that Figs. 3, 4 , and 5 present only the broad features of a very large quantity of data.
Nevertheless, the broad features of the data have some very interesting properties. One of them, which is the first principal result of this experiment, is that motion of the superfiuid around the wire could persist for long periods of time even though the assembly figure. en circ ation is Perhaps a still more striking example of the way in which the apparent circulation could drift spontaneously in time is shown in Fig. 5 . By the time this run was made the electromagnet was in use, so the direction of the apparent circulation was measured as well as its magnitude. The sign convention used is that circulation directed counterclockwise around the wire looking down along the wire is positive. Several times during this run the apparatus and helium bath were warmed to a temperature above Tz, the assembly carrying the cell and wire was set into steady rotation at about 3 rad sec ', and then the apparatus and bath were cooled back through Tq to 1.20 K, where the rotation was brought to a stop. As in every other run performed in this experiment, all measurements of the apparent circulation were made with the appara, tus at rest. Three separate times during run H-2 the apparent circulation drifted spontaneously from a level of 3h/m in one direction, through zero, to a level of 3h/m in the other direction. In each case the drift was smooth and monotonic, and took about 10min. It is remarkable that although the apparent circulation was more or less stable at both ends of each transition, at &3h/m, there is no evidence of stability at the intervening nonzero quantum levels. In another case the apparent circulation drifted from a level of 3h/m to zero, then back to 3h/m in the same direction. Again the circulation was stable at the end points of the transition and at zero, but not in between.
The second principal result of this experiment is that the circulation around the wire tended to show markedly greater stability at the anticipated quantum levels than at other values. It can be seen in Figs. 3 and 4 that during runs E-6 and K-7 there were long periods of stability at the levels of 2 and 3 quantum units, and during run E-6 stable circulation also occurred at the level of one quantum unit. During run H-2 there were long periods when there was no circulation around the wire, but there were other periods when the circulation was stable at the levels of both &3h/tn This stability is shown in another way by histograms compiled for runs E-3, K-5, E-6, E-7, and H-2 which are shown in Figs. 7, 8, and 9. These histograrns represent for a given run the total time the apparent circulation remained stable at each value of the circulation. The criterion for stability was that during a period of at least 100 sec the position of the 6rst minimum of the beat pattern on the screen of the oscilloscope should not drift by more than &0.5 rnm, which was the smallest displacement that could be estimated by eye. T' he widths of the columns in the histograms show for each run and each value of circulation how much change in apparent circulation corresponds to a 0.5 mm change in position of the beat minimum. Roughly speaking, for most runs at 1.2 K the criterion for stability required that the circulation not drift by more than &5% of one quantum unit. However, exception must be made for small circulations. For circulations of one quantum unit or less the allowed drift was more like 10 jo of one unit. Not every peak in the histograms appears exactly at a quantum level. In run K-3 a distinct peak occurs at 3.2h/m, and in run E-5 a peak occurs at 2.8h/m, although in the latter case a higher peak occurs at 3.0h/m.
In most of the histograms there are some columns which are drawn only in outline instead of solid black. These columns represent circulations measured during the last hour of the run, when the surface of the helium bath was within one centimeter of the top of the wire. At some point during the last hour of nearly every run the apparent circulation was observed to shift rather suddenly to a very quiet, stable plateau, in general not a quantum level, and then slowly drift to smaller values. This kind of stability appears near the end of the circulation versus time plots of runs E-6, E-7, and H-2. It seems not to be related to the stability at the quantum levels. As evidence, it was possible during these periods near the end of a run to shift. the measured circulation to a different plateau, still not a quantum level, by heating Fig. 10 , where Aau" is plotted as a function of p, /pq for the three different quantum levels observed during runs E-6 and E-7.
It can also be seen in Fig. 3 that during run E-6 the Fig. 11 .
Third, the shift in node position during the direction measurements gave supporting evidence for the presence of circulation. The shift seen was of the expected magnitude in relation to the departure of h~from AMp and no shift was seen when b,co was equal to Atop. Finally, as additional evidence that the apparatus really measured quantized circulation in the Quid, it should be pointed out that stable apparent circulation was observed at the quantum levels using wires of different diameter and mass per unit length, and using different values of h~p with the same wire.
A third significant result of this experiment is that the maximum value at which the apparent circulation around the wire was observed to remain stable depended markedly on the diameter of the wire. As the diameter of the wire was increased, the maximum value of stable circulation observed also increased. Figure 5 shows that immediately after the rotation of the cell and wire assembly was brought to a stop the apparent circulation was found each time at an abnormally high value, up to 6.8h/m, and with the same sense as the rotation. (Following rotation D measurements were delayed too long to see large circulation. ) However, the circulation was not stable; in each case it decayed steadily to zero in about 4 min. Thereafter, it either remained stable at zero or drifted to some other value in a direction seemingly unrelated to the direction in which the cell and wire had just been rotated.
The observation of large decaying values of circulation immediately after stopping rotation is consistent with the fact that the rotation speeds of several rad sec -' used here were much greater than those needed to rnaintain 3 quantum units of circulation around the wire in equilibrium. In fact, the speeds were comparable to those proposed by GrifIiths as being necessary to produce several quantum units of circulation around the wire. "
It should also be pointed out that it was quite possible for circulation to exist around the wire even though no steady rotation of the apparatus had taken place.
For example, Fig. 5 Finally, although unfortunately a careful check wa. s never made, it seems quite unlikely that P, and X"ever differed by more than 10%. The resulting uncertainty in k is thought to be less than 0.5%.
Taking into account all of the above sources of uncertainty the over-all uncertainty in Fc is thought to amount to a few percent.
VII. DISCUSSION AND CONCLUDING REMARKS
The results of the previous section show that it has been possible to repeat the Vinen experiment successfully and to extend it in several ways. The sensitivity of our electrical system permitted us to make virtually continuous records of apparent circulation for periods of several hours and to ma. ke measurements over a tempperature range from 1.2 to 1.9 K. Measurements were made with wires ranging from 25 to 100 p in diameter, and the direction of circulation around the wire was measured as well as its magnitude. We believe that our observation of metastable circulations occurring preferentially at the levels of 1h/m, 2h/m, and 3h/m lends additional support to the hypothesis of quantization of superQuid circulation in helium II. It might be commented here that we do not "J.G. Dash Whatever the detailed mechanism for the interaction between the wire and vortices in the liquid, the spontaneous changes in apparent circulation that take place during a run suggest that a considerable number of vortices are formed in the liquid upon cooling through T~with or without rotation and that these vortices persist for long periods of time. The spontaneous changes in direction of circulation that we have seen suggest that even after cooldown in rotation vortices of both signs of circulation are present. Perhaps for these reasons we have been unable to discern any clear relation between the rotation used and the resulting circulation except for the agreement between the direction of rotation and the direction of circulation immediately after rotation is stopped.
It would have been very interesting to make measurements of the circulation in rotation as Vinen did, but we were unable to do so because of noise in the apparatus.
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